Study design: Secondary analysis of prospectively collected observational data assessing the safety of an autonomic dysreflexia (AD) management protocol. Objectives: To estimate the time to onset of action, time to full clinical effect (sustained systolic blood pressure (SBP) o160 mm Hg) and effectiveness of nitroglycerin ointment at lowering blood pressure for patients with spinal cord injuries experiencing AD. Setting: US Veterans Affairs inpatient spinal cord injury (SCI) unit. Methods: Episodes of AD recalcitrant to nonpharmacologic interventions that were given one to two inches of 2% topical nitroglycerin ointment were recorded. Pharmacodynamics as above and predictive characteristics (through a mixed multivariate logistic regression model) were calculated. Results: A total of 260 episodes of pharmacologically managed AD were recorded in 56 individuals. Time to onset of action for nitroglycerin ointment was 9-11 min. Time to full clinical effect was 14-20 min. Topical nitroglycerin controlled SBP o160 mm Hg in 77.3% of pharmacologically treated AD episodes with the remainder requiring additional antihypertensive medications. A multivariate logistic regression model was unable to identify statistically significant factors to predict which patients would respond to nitroglycerin ointment (odds ratios 95% confidence intervals 0.29-4.93). The adverse event rate, entirely attributed to hypotension, was 3.6% with seven of the eight events resolving with close observation alone and one episode requiring normal saline. Conclusions: Nitroglycerin ointment has a rapid onset of action and time to full clinical effect with high efficacy and relatively low adverse event rate for patients with SCI experiencing AD.
INTRODUCTION
Autonomic dysreflexia (AD) is a potentially life-threatening condition, which occurs in patients with spinal cord injury (SCI). In this condition, an unmitigated stimulus below the level of injury leads to deregulated sympathetic outflow and a potentially dangerous, progressive rise in blood pressure. Even though AD is potentially dangerous, it commonly occurs in the inpatient and outpatient setting for those at risk (classically SCI at or above T6). 1 When first-line nonpharmacologic measures are ineffective at quelling the rise in blood pressure, pharmacologic options are typically employed. 2 Despite its recommendation in the Consortium for Spinal Cord Medicine's clinical practice guideline as a potential management agent for AD with systolic blood pressure (SBP) over 150 mm Hg, 3 we are not aware of any studies that have explored the pharmacodynamics of topical nitroglycerin for AD in SCI patients. Topical nitroglycerin ointment leads to vasodilation through smooth muscle relaxation and, in neurologically intact individuals, has been shown to have an onset of action of 20-30 min with peak effect taking an estimated 60 min. 4, 5 This study was designed to evaluate the use of topical nitroglycerin as management for AD in patients with SCI.
MATERIALS AND METHODS
This is a secondary analysis from the data set of a previously published safety and effectiveness study. 6 In that institutional review board-approved study, a structured AD management protocol encompassing progressive escalation of nonpharmacologic management, topical nitroglycerin and then further antihypertensive administration was employed on an inpatient Veterans Affairs SCI unit as outlined in the Consortium for Spinal Cord Medicine's clinical practice guideline. Nonpharmacologic management included sitting a patient up, loosening constrictive garments, and assessing for noxious stimuli from the bladder, bowels and skin before further escalation to pharmacologic management starting with topical nitroglycerin. Topical 2% nitroglycerin ointment was chosen as the first-line antihypertensive pharmacologic agent as it can be easily removed when blood pressure decreases to within a safe target range. During each episode of AD, nursing staff prospectively recorded data on a paper log sheet designed for the safety and efficacy study.
For this study, an episode of AD was defined as (1) signs or symptoms of AD with SBP 4150 mm Hg or (2) SBP elevated above 150 mm Hg, as measured on routine vital sign checks without symptoms (given the high rate of silent dysreflexia). 7 Following failure of nonpharmacologic management at lowering blood pressure, 1 inch (25.4 mm) of topical nitroglycerin ointment was applied to a standardized measuring template and placed on the upper chest, regardless of level of injury. For this study, nitroglycerin ointment was considered to show effectiveness if it lowered SBP below the target range of o160 mm Hg. If SBP was not reduced to o160 mm Hg within 10 min, a second inch of nitroglycerin ointment was applied to the measuring template and placed on the upper chest. Patients were monitored closely, and if after an additional 10 min, SBP was not maintained below the target range, further escalation with alternative antihypertensives was employed (see previous study for full protocol details). 6 AD episodes were considered controlled when SBP persisted o160 mm Hg during subsequent vitals over the next 3 h. Adverse events were defined as SBP o70 mm Hg, need for intravenous medication or related medical instability necessitating transfer off the SCI unit. Monitoring for serious adverse events was also undertaken.
During the 3½ year period, all episodes of AD occurring in the inpatient SCI unit were prospectively recorded by nursing staff. Episodes of AD were included in this substudy if (1) nonpharmacologic measures had failed to effectively lower SBP o160 mm Hg, (2) no additional antihypertensive medications were given at the same time as nitroglycerin ointment outside of the protocol, and (3) time points were recorded for topical nitroglycerin application, 10 mm Hg decrease in SBP, and time to reach sustained decrease in SBP below the target threshold.
Statistical analysis
Descriptive statistics were calculated for both episodes of AD and individual patient demographics using Excel (Version 2013, Microsoft Corporation, Redmond, WA, USA). Mean initial presenting vitals (SBP, diastolic blood pressure, heart rate) and adverse events were calculated for each step in the protocol and as an aggregate. An unpaired t-test was used to compare presenting vitals between episodes that resolved at each step of management, with P-values o0.05 regarded as statistically significant. Time to onset of action was defined as the time it took for SBP to decrease 10 mm Hg after topical nitroglycerin application. Time to full clinical effect was defined as the time it took for SBP to decrease o160 mm Hg after topical nitroglycerin application.
A mixed multivariate logistic regression model was generated using the statistical software R (version 3.1.3, package.lme4, The R Foundation, Vienna, Austria) to identify potential factors influencing if topical nitroglycerin was effective at reaching the target blood pressure (SBP o160 mm Hg). In this way, we aimed to determine predictors to guide if practitioners should proceed directly on to alternative antihypertensives. For this model, episodes that were controlled with one or two inches of topical nitroglycerin ointment were grouped as responsive to the medication. Independent variables for the regression model included the American Spinal Injury Association Impairment Scale grades as administered at the time of data capture, 8 neurological level of injury (as grouped in Table 1 ), initial vital signs (SBP, diastolic blood pressure, heart rate) and cause of injury (traumatic vs non-traumatic). Dependent variables included age and number of years since SCI. The statistical regression model utilized mixed modeling to account for potential correlation within patients who had multiple AD events recorded (allowing for clustered variability).
RESULTS
During our study period, 445 episodes of AD were recorded by nursing on the inpatient SCI unit. Of these episodes, 78 resolved with nonpharmacologic management alone, 86 utilized alternative medications (benzodiazepines, opioids, etc.) along with nitroglycerin ointment, and 21 contained incomplete data on timing of vital signs or medication administration. Previous analysis of this data set had demonstrated the low concurrence of essential hypertension falsely appearing as recorded AD episodes. 6 The remaining 260 episodes of AD were managed with one or two inches of nitroglycerin ointment alone before further possible escalation of the pharmacologic management protocol to administer additional antihypertensives. Summaries of descriptive statistics for each progressive step in the AD management appear in Table 2 .
Presenting vitals were not significantly different for episodes that resolved with each step in management (P-values from 0.50 to 0.55). If the AD episode responded to one or two inches of nitroglycerin ointment, the mean time to onset of action (10 mm Hg drop in SBP) was 10 min. Further details on time to onset of action are found in Figure 1 . The mean time to achieve target blood pressure (o160 mm Hg) with one to two inches of nitroglycerin ointment was 16 min. The first inch of nitroglycerin ointment was effective at reaching the target SBP in 43.8% of episodes. The cumulative efficacy increased to 77.3% when a second inch of nitroglycerin ointment was applied.
The multivariate logistic regression demonstrated a relatively strong fit to the available data, with a graphing of Pearson residuals versus fitted values closely aligning to zero. Typically, a well-powered statistical model requires 10 episodes for each predictor. Our sample of 260 episodes greatly exceeds this requirement for our eight model predictors. When controlling for each variable, no statistically significant factors were identified to predict response to topical nitroglycerin from presenting characteristics. Full details of the associations between presenting characteristics of the patient/AD episode in relation to blood pressure control (sustained SBP o160 mm Hg) with one or two inches of nitroglycerin ointment appear in Table 3 .
Eight adverse events were recorded (all due to SBP o70 mm Hg). Seven events resolved with close observation alone, one required a one liter of normal saline bolus (after one inch of nitroglycerin ointment). There were no serious adverse events.
DISCUSSION
This retrospective review of 260 episodes of AD is the first study to focus specifically on the role and pharmacodynamics of topical nitroglycerin in management of AD. We found that topical nitroglycerin demonstrates initial effects of lowering SBP 9-11 min after being applied for AD. SBP was maintained o160 mm Hg 14-20 min after application and led to clinical blood pressure control in 77.3% of events, which required pharmacologic intervention. Adverse events occurred at a low rate, resolving almost entirely with observation alone, and no serious adverse events occurred.
While it is known that topical nitroglycerin works well for hypertensive crises in individuals without SCI, 4 this study builds the literature basis for strong, isolated efficacy of topical nitroglycerin in management of AD. Previous studies of the pharmacodynamics of topical nitroglycerin have been based on neonatal limb ischemia 5 or as prophylaxis for hypertensive events prior to intubation 9 or electroconvulsive therapies. 10 The prophylactic nature of the latter of these studies makes it difficult to isolate when the medication begins to clinically effect blood pressure, especially in cases of altered physiology such as SCI. The onset of action of approximately 10 min (as defined by a 10 mm Hg decrease in SBP) is likely a cautious estimate in the SCI population. The effects from prior nonpharmacologic interventions such as catheter change/digital stimulation and the original noxious stimuli may further contribute sympathetic tone during this time, leading to variable ongoing vasoconstrictive drive that the medication must counteract. While the uncontrolled nature of retrospective review does not allow isolating the effects of nitroglycerin ointment in this population, this may be a closer representation to the real-world environment and what practitioners might expect when progressing from nonpharmacologic to pharmacologic management for AD.
Our multivariate logistic regression model compared those who had blood pressure control of AD following topical nitroglycerin versus those who required escalation to additional antihypertensives. This model did not reveal any significant associations with regard to American Spinal Injury Association Impairment Scale grade, neurological level of injury, initial vital signs, SCI etiology, age or duration of injury. The lack of significant predictive factors coupled with the relatively low adverse event rate (3.6% overall), demonstrates evidence that nitroglycerin ointment appears to be effective and safe for individuals with AD. Further, when one inch of nitroglycerin ointment fails to bring blood pressure to within safe ranges, there is still a significant benefit to adding a second inch. Given the potential for hypotension, possibly precipitated by leaving the topical nitroglycerin on past when clinically required, it is advised to monitor patients closely during management and remove ointment when clinically appropriate.
Study limitations
The limitations of this study stem from its observational nature and the consequent inability to control for variables. Further, our entire study population was male and tended to have more chronic injuries. Given the regimented timing of medications within our AD management protocol, it is unclear how many episodes of AD would have been controlled following one inch of nitroglycerin ointment, if 410 min was given between medications. Similarly, those episodes that were controlled within the first several minutes following the first inch of nitroglycerin ointment administration may be so due to the combined result of nonpharmacologic management. The lack of timing data on nonpharmacologic interventions limits assessing how much of a confounding factor this may have been. The stepwise response seen in Figure 1 , with improved relative responsiveness at 5, 10, 15 and 20 min, likely represents simplification in reporting of timing data from nursing staff (rounding to the nearest 5 min increment) and not an underlying pharmacodynamic process. These stratified data points may suggest the degree of accuracy in how frequently recordings of timing data occurred. Future prospective studies are warranted to elucidate the precise pharmacodynamics of topical nitroglycerin for AD. However, this work presents strong evidence supporting the use of topical nitroglycerin ointment in real-world clinical scenarios to achieve rapid decreases in blood pressure in patients with AD within a clinically relevant time frame.
CONCLUSION
For required pharmacologic management of AD in patients with SCI, use of first-line nitroglycerin ointment demonstrates an onset of action of 9-11 min with high attainment of target SBP and a low rate of adverse events. Given the potential risk for hypotension, close monitoring of blood pressure is warranted following application.
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